INTRODUCTION
Earth is the water planet. Liquid water covers more than 70% of the surface and dominates all surface processes, geological, meteorological, and biological. However the hydrosphere composes only about 0.025% of the planet's mass, so that small amounts of H incorporated into the oxygen minerals of the interior may constitute the majority of Earth's total water. The Earth is thought to be generally similar in composition to the chondrite meteorites which average about 0.10% by weight H 2 O. So if the Earth were strictly chondritic in its H content, about 75% of that H as water would have either been tied up in the minerals of the interior or lost to space. Understanding how H behaves at the atomic scale in these materials will help us to understand how the Earth balances and retains its water and may help us to understand how water planets develop and how common they might be.
In addition to the surface processes, water also controls the processes of the interior. Water dramatically reduces the melting temperature of rocks controlling igneous processes. Even trace amounts of hydrogen have a major effect on some physical properties such as deformation strength and electrical conductivity (Karato 1990 ). The nominally anhydrous minerals of the Earth's interior are capable of incorporating many times the amount of water in the hydrosphere, and these phases would need to be saturated before stoichiometrically hydrous minerals could be stable. Hydrogen in amounts reported in olivine, wadsleyite, and ringwoodite by Kohlstedt et al. (1996) as recalibrated by Bell et al. (2003) , if present in the Earth, would constitute a signifi cant fraction of the total water budget of the planet. The amounts that can be incorporated into the nominally anhydrous minerals of the Transition Zone (410-660 km depth) may constitute the largest reservoir of water in the planet and may have controlled the chemical evolution and interior processes of the planet. Hirschmann et al. (2005) have estimated the storage capacities of the various mineral reservoirs in the mantle.
These volumes of water imply that there may be a deep water cycle in the Earth whereby some of the water in subducted slabs may be returned to the large deep interior reservoir and then be released in mid-ocean ridge basalts so that the amount of water in the Earth's oceans would represent a dynamic balance between these processes. This process would depend on the ability of the nominally anhydrous phases of the upper mantle to incorporate the water released by the breakdown of the hydrous phases on increasing pressure and temperature with subduction.
GEOCHEMISTRY OF H
Hydrogen is the most abundant element in the cosmos, and the geochemical behavior of hydrogen is unlike that of any other element. Because the proton does not behave like other cations in the crystal, it is generally inappropriate to treat H as an incompatible element 2 Smyth or to compare its compatibility with other cations. In the highly reducing conditions of the condensing solar nebula, H was primarily atmophile, as the diatomic gas H 2 , but also as methane, ammonia, and water. However, in the Earth's crust and mantle, hydrogen in its ionic state, H + , is strongly lithophile. It substitutes readily in silicates and other oxygen minerals in both trace and stoichiometric amounts. Because H does not occupy a normal cation site in a mineral, it does not have an effective ionic radius that controls its geochemical behavior. Its compatibility is therefore not systematic as other trace cations are, but strongly dependent on temperature, pressure, and the chemical activity of possible charge-balancing cations.
The chalcophile nature of H is not well known, and its substitution in sulfi de minerals in trace amounts is diffi cult to measure and poorly studied. H 2 S is an abundant volatile in mafi c to silicic volcanic systems, and there are a few OH-bearing sulfi de minerals such as tochilinite [6(Fe 0.9 S)·5(Fe,Mg)(OH) 2 )] (Beard 2000) , but I was unable to identify a single H-bearing sulfi de mineral that does not also contain oxygen. Under reducing conditions, neutral H is highly soluble in metallic liquids and forms solid metal hydrides. However, very little is known about H partitioning between silicate and metallic liquids, and the amount of H in the core is unknown as is its effect on liquid metal densities under conditions of the core. The objectives of this review are to examine the various structural substitution mechanisms whereby H enters major high pressure silicate and oxide minerals in stoichiometric amounts and then use this information to look at H substitution in nominally anhydrous minerals of the Earth's mantle.
When H enters nominally anhydrous minerals, the proton does not occupy the normal cation position, but attaches to one or more of the oxygens. The usual proton to oxygen nucleus distance (0.95 to 1.2 Å) is less than the nominal oxygen radius (1.32 to 1.4 Å). The oxygen atoms that can be protonated in a stoichiometric, fully occupied structure are those that are most underbonded. The degree of underbonding can be calculated on the basis of Pauling bond strength or a Madelung site potential calculation. Pauling bond strength at the oxygen is calculated as the sum of the bond strengths (nominal cation valence divided by coordination number) around an oxygen atom. The Madelung site potential (Smyth 1987 (Smyth , 1989 ) is the nominal valence charge divided by distance and summed to convergence. These methods may identify the oxygen most likely to be protonated if there are several non-equivalent oxygen positions in a structure, but does not identify the proton location. Libowitzky (1999) 
reports a correlation of O-H-O distance with O-H stretching frequency. This has been used together
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with polarization vectors to deduce proton positions in nominally anhydrous structures such as wadsleyite (Kohn et al. 2002) and akimotoite . Ross et al. (2003) propose a computational method to identify non-bonding electron-pairs on oxygens in order to locate potential docking sites for protons in high pressure silicates. Extensive protonation of an oxygen site in a nominally anhydrous mineral generally requires a charge balancing substitution or a cation vacancy. Cation vacancies normally result in a signifi cant expansion of the vacant coordination polyhedron, however such vacant polyhedra are typically large and highly compressible (Jacobsen 2006) .
Tetrahedral cation vacancies charge-balanced by protons are well documented. This is the so-called hydrogarnet substitution because the H 4 O 4 tetrahedron can completely replace the silicate tetrahedron in hydrogarnets (Lager et al. 2005) . The H 4 O 4 tetrahedron is larger than the silicate tetrahedron with the Si-O distance in silicate garnets being 1.60 to 1.64 Å whereas the equivalent distance ( ) in hydrogarnet is over 2.0 Å. This means that pressure will inhibit this substitution mechanism so that garnets from natural high pressure (2-5 GPa) environments generally contain less than about 50 ppmw H 2 O (Bell and Rossman 1992) . It may be possible that this substitution mechanism may again become viable at pressures above about 7 GPa, as it has been proposed to be present in hydrous coesite above this pressure (Koch-Mueller et al. 2003) .
Oxygen-oxygen edges are typically 2.6 to 2.8 Å for tetrahedral silicon, whereas edges of Mg octahedral typically are 2.8 to 3.0 Å. These distances have been used to infer proton positions from infrared spectra based on the calibration of Libowizky (1999) (e.g., Kohn et al. 2002) , however the correlation curve is quite fl at in this region and cation vacancy may result in local distortion of the coordination polyhedra. Octahedral cation vacancy chargebalanced by protons appears to be more common at pressures of the upper mantle. Protonated octahedral cation vacancy appears to become a very signifi cant substitution mechanism in olivine ) and wadsleyite Ross et al. 2003; . Wadsleyite (β-Mg 2 SiO 4 ) can contain more than 3 wt% H 2 O (Inoue et al. 1995; Kohlstedt et al. 1996) , where the charge balance mechanism is octahedral site vacancy, principally at M3 Kohn et al. 2003) .
Even trace hydration (10 to 1000 ppmw H 2 O) can have very large effects of physical properties of nominally anhydrous phases such as mechanical strength (Kavner 2003) , effective viscosity (Karato et al. 1986) , and electrical conductivity (Karato 1990; Huang et al. 2005) . Minor hydration (1000 to 10000 ppmw H 2 O) can have a major effect on density, compressibility (Smyth et al. 2003; , seismic velocity , and pressure-temperature conditions of phase transitions (Wood 1995; Smyth and Frost 2002) . In order to understand the crystal chemistry of H at high pressure, it is necessary to fi rst look briefl y at the nominally hydrous phases on the Earth's mantle and then to examine the mechanisms for minor and trace substitution of H in the nominally anhydrous silicates and oxides that compose the mantle. The dense hydrous magnesium and aluminum silicate phases covered here are listed in Table 1  Table 1 along with formulae, cell parameters and calculated densities. The dense anhydrous magnesium and aluminum silicate phases covered here are listed in Table 2  Table 2 .
NOMINALLY HYDROUS HIGH-PRESSURE SILICATE PHASES
Compositions of the dense hydrous magnesium silicate (DHMS) phases can be displayed in the magnesia-silica-brucite (MgO-SiO 2 -Mg(OH) 2 ) ternary (Fig. 1  Fig. 1 ). Along the anhydrous edge fall periclase (MgO), anhydrous phase B, forsterite and its polymorphs (wadsleyite and ringwoodite), enstatite and its polymorphs (akimotoite, and perovskite-type MgSiO 3 ) and quartz and its polymorphs (coesite, and stishovite). On the brucite-forsterite join lie phase A and the humites (norbergite, chondrodite, humite and clinohumite). Near the bruciteanhydrous phase B join, lie phase B and super-hydrous phase B (Fig. 1 ). 
Smyth
Brucite
Brucite, Mg(OH) 2 is the fi rst phase discussed among the nominally hydrous minerals of the mantle. Although brucite is not a silicate, it forms a prominent structural component in many silicate minerals. Because of its very high water content, more than 30% by weight or about 75% water by volume, it is not a likely mantle mineral. Brucite forms the most hydrous end member in our systems and is a common ingredient in starting compositions to experimentally produce hydrous high pressure phases. This component, with some Al substitution also occurs in the chlorite structure. The brucite structure (Fig. 2 Fig . 2 ) is trigonal, , and consists of tri-octahedral layers of Mg(OH) 6 octahedra parallel to (001). All oxygens in the structure are equivalent and protonated, so that each oxygen is bonded to three Mg atoms and one proton. The layers are bonded by relatively weak hydroxyl bonds giving the mineral its perfect basal cleavage. Gibbsite, Al(OH) 3 , is isostructural with brucite except that one third of the octahedra are vacant.
Serpentine
Serpentine, ideally Mg 3 Si 2 O 5 (OH) 4 , is a major alteration phase in ultramafi c rocks. It is stable at ambient pressure and to depths of roughly 250 km in a cool, subducting slab (Kawamoto et al. 1996; Schmidt and Poli 1998 ). It contains roughly 13% H 2 O by weight which corresponds to more than 30% by volume. The structure consists of a tri-octahedral brucite-like layer attached to a single pure-silica tetrahedral layer (Fig. 3  Fig. 3 ). The structure has several stacking polytypes, but most are similar in composition and density. In its absestiform habit known as chrysotile, the sheets are rolled into tubes, so that the actual space groups and structure are not well defi ned. Several stacking polytypes have been described with differing degrees of order each having a density of about 2.58 g/cm 3 . Lizardite 1H is trigonal P31m (Table 1) (Mellini 1987) . The well crystallized massive form is known as antigorite, the space group is triclinic, . There are no Si-OH bonds in the structure, so that each oxygen is bonded either to three Mg and one Si or to three Mg and one proton.
Talc
Talc, Mg 3 Si 4 O 10 (OH) 2 , is also a major alteration phase of mafi c rocks. It contains more silica than serpentine and may occur in more siliceous rock compositions than serpentine. The water content is a bit less than 5% by weight. Its triclinic, structure (Fig. 4 Fig. 4 ) is that of a T-O-T layer silicate like mica, but without interlayer cations. The bonding between layers is just the weak Van der Waals bonds resulting in a very soft and easily deformable structure. There are no Si-OH bonds in the structure so that one sixth of the oxygen atoms are protonated and bonded to one proton and three Mg atoms. The remaining oxygen atoms are each bonded to one Si and three Mg atoms. 
True micas
The true micas (Fig. 5 Fig. 5 ) have a T-O-T layer like that of talc, but one fourth of the Si cations are replaced by Al and charge balanced by an interlayer alkali cation, dominantly K. Like talc, the micas contain 4.5 to 5% H 2 O by weight. In muscovite, KAl 2 AlSi 3 O 10 (OH) 2 , the octahedral layer is dioctahedral with two Al cations, whereas in biotite and phlogopite, KMg 3 AlSi 3 O 10 (OH) 2 , it is trioctahedral with three divalent cations, Mg or Fe, per formula unit. The phengite substitution into the dioctahedral micas puts additional silicon into the tetrahedral layer in place of Al which is charge-balanced by Mg in the dioctahedral layer. This substitution is stabilized by pressure, and high-silica phengites have been synthesized at pressures as high as 11 GPa (Domanik and Holloway 1996; Smyth et al. 2000) . Phengite is stable in a mafi c composition to over 300 km depth if K is present and temperatures are low as in a subducting slab. The micas exist in several polytypes, that is, different stacking sequences, The 10 Å phase, Mg 3 Si 4 O 10 (OH)·H 2 O, is a mica-like dense hydrous magnesium silicate phase that occurs at 3-5 GPa as a breakdown product of serpentine and chlorite (Yamamoto and Akimoto 1977) . It is structurally similar to talc and phlogopite, but has neutral molecular water in the inter-layer (Fumagalli et al. 2001; Comodi et al. 2005) . It is likely to be an important host phase for H in subducting hydrated lithosphere (Fumagalli and Poli 2005) .
Chlorite
Chlorite, Mg 3 AlSi 3 O 10 (OH) 2 ·Mg 2 Al(OH) 6, is another low pressure alteration phase of mafi c and ultramafi c rocks. Like talc, it is stable to about 100 km depth, but is distinct from talc in its Al-content. The structure (Fig. 6 Fig. 6) is monoclinic C2/m or triclinic, , and consists of trioctahedral talc-like layer, but with one fourth of the tetrahedral sites occupied by Al instead of Si, giving the layer a net negative charge. Instead of an interlayer cation as in micas, there is a trioctahedral brucite-like layer with one third of the octahedra occupied by Al instead of Mg giving the layer a net positive charge. In the brucite-like layer, all of the oxygen atoms are protonated, whereas in the talc-like later one-sixth of the oxygens are protonated. Again, there are no Si-OH bonds in the structure. Chlorite, like serpentine, contains about 13% H 2 O by weight.
Amphiboles
The amphiboles A 0-1 X 7 Y 8 O 22 (OH) 2 , are complex hydrous chain silicate minerals of high grade metamorphic and igneous rocks in which A is an alkali cation, X an octahedral divalent or trivalent cation, and Y is tetrahedral Si or Al. The structure (Fig. 7 Fig . 7) is based on a double tetrahedral chain parallel to c. Again, there are no Si-OH bonds and all non-silicate oxygens (one in 12) are protonated. Amphiboles are stable in subducting lithosphere to about 3 GPa (Kawamoto et al. 1996; Schmidt and Poli 1998) , so they are not expected to be major hosts for H in the sub-lithospheric mantle. Amphibole-like double chain defects are relatively common in pyroxenes at low pressures and so may be a water-carrying defect in mantle pyroxenes.
Lawsonite
Lawsonite, CaAl 2 Si 2 O 7 (OH) 2 ·H 2 O, contains molecular water as well as hydroxyl. The structure (Fig. 8 Fig . 8 ) is orthorhombic, Ccmm, and is a sorosilicate with Si 2 O 7 groups, Al in octahedral coordination, and Ca in 8-coordination. Again, there are no Si-OH bonds, and the two of the non-silicate oxygen atoms coordinating Al are hydroxyls, and two of the oxygens coordinating Ca are water molecules. Lawsonite is a common hydrous alteration product of mafi c igneous rocks, replacing calcic plagioclase feldspar. The total water content of lawsonite is high at about 11.5% by weight, and it is stable to relatively high pressures (~10 GPa) and low temperatures (Pawley 1994) . Despite its high water content, it is about 10% denser than anorthite, and relatively incompressible with an isothermal bulk modulus of 122 GPa (Boffa-Balaran and Angel 2003) . Being stable to depths of 300 km in the crustal portion of a subducting slab, lawsonite may act as a major conduit for water in the crustal portion of the slab to depths approaching those of the transition zone.
Epidote
The epidote group comprises epidote (Ca 2 (Al,Fe) 3 Si 3 O 12 (OH)), zoisite, and clinozoisite (Ca 2 Al 3 Si 3 O 12 (OH)). Epidote is a very common metamorphic alteration product of mafi c igneous rocks, whereas zoisite and clinozoisite are more restricted in composition and occurrence to aluminous and peraluminous rocks. The pressure stability ranges from less than 0.1 GPa to near 7 GPa (Poli and Schmidt 2004) . There are also Mn-rich varieties (piemontite), and rare-earth-rich (allanite) varieties as well as several more named chemical variants (Franz and Liebscher 2004) . The structure (Fig. 9 Fig . 9 ) is monoclinic, P2 1 /m (Z = 2), and has both isolated SiO 4 tetrahedra as well as Si 2 O 7 groups, so it is classed as a sorosilicate. Zoisite is orthorhombic, Pnma, with a nearly identical structure, but twice the unit cell volume (Z = 4). Most of the iron 
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is ferric, and epidote has all of its trivalent cations in octahedral coordination, so it is also denser than anorthite. The O10 position is a non-silicate oxygen and is protonated. There is another non-silicate oxygen, O4, which is bonded to three trivalent metal octahedra. This oxygen is not protonated directly but shares a longer hydrogen bond to the proton on O10.
Humite
The humite group comprises norbergite (Mg 3 SiO 4 (F,OH) 2 ), chondrodite (Mg 5 Si 2 O 8 (F,OH) 2 ), humite (Mg 7 Si 3 O 12 (F,OH) 2 ), and clinohumite (Mg 9 Si 4 O 16 (F,OH) 2 ). Humites are relatively rare components of hydrothermally altered ultramafi c rocks. They also occur in other silica-undersaturated rocks such as skarns and carbonatites. Natural humites almost always contain more F than hydroxyl. All of the humites lie on the join forsterite-brucite (Fig. 1) . The formulas can be thought of as n·(Mg 2 SiO 4 )·Mg(OH) 2 where n is one for norbergite, two for chondrodite, three for humite, and four for clinohumite, so that all have a higher (Mg+Fe)/Si ratio than does olivine. Because of this they are not thought to be major hydrous components of the mantle, which is generally considered to have a lower (Mg+Fe)/Si ratio than olivine. The F-free pure Mg clinohumite and chondrodite are stable to pressures greater than 14 GPa and temperatures greater than 1250 °C, but are not known to coexist with enstatite. The structures of chondrodite and clinohumite are illustrated in Figures 10 and 11 Figures 10 and 11. Although humite and norbergite have not been reported from pressure higher than about 3 GPa, hydroxy-chondrodite and hydroxy-clinohumite are stable at pressures and temperatures well into the transition zone (Yamamoto and Akimoto 1977; Burnley and Navrotsky 1996; Wunder 1998) .
Clinohumite
Clinohumite (Mg 9 Si 4 O 16 (OH) 2 ) can coexist with chondrodite or with olivine at high pressure but not with phase A or enstatite (Fig. 1) . The structure (Fig. 10) is monoclinic, P2 1 /b (a-unique). The odd setting of the space group is chosen to preserve the olivine axial relation (Table 1) . The c-axis is greater than that of chondrodite by approximately 6 Å, and the α-angle is reduced to about 100°. Hydroxy-clinohumite has the problem of protonating two identical oxygens symmetrically disposed about the inversion (Friedrich et al. 2001 ). But again, there are no Si-OH bonds and all non-silicate oxygens are protonated in pure hydroxy-clinohumite. Berry and James (2001) report a second partially occupied deuteron position in pure hydroxyl clinohumite located on the hydroxyl oxygen approximately 180° away from the position near the inversion on the O9-O9 edge.
Chondrite
Chondrodite (Mg 5 Si 2 O 8 (OH) 2 ) can coexist with phase A or with hydroxy-clinohumite at pressures to about 14 GPa. Its structure (Fig 11) resembles olivine with a and b axes nearly the same as olivine, but c different and the space group is monoclinic, P2 1 /b. The O5 is the only non-silicate oxygen and is protonated. As with clinohumite, there is a problem with protonation (Yamamoto and Akimoto 1977) . The structure (Fig. 12 Fig . 12 ) is hexagonal, P6 3 , and consists of slightly distorted closepacked layers of oxygen atoms and hydroxyl groups repeating along the caxis in an ABCB sequence (Horiuchi et al. 1979 ). This contrasts with the hexagonal close-packed sequence of ABAB in olivine and the humites. Mg occupies one special position on the 3-fold axis (M3) and two general positions, M1 and M2. Si occupies two special positions, one each on the 3-fold and on the 6 3 axes, so that there is one in each layer of cations. All tetrahedra point in the same direction along c, so that the structure is acentric. The O2 and O4 oxygen sites are hydroxyls (Kagi et al. 2000) , so all non-silicate oxygens are protonated and there are no Si-OH bonds in the structure. The density is relatively low (2.95 g/cm 3 ) consistent with its high water content (~12% by weight) and limited pressure stability range. Phase A is a possible phase in the mantle as a breakdown product of serpentine, and may coexist with brucite or chondrodite, but probably not with olivine (Luth 1995) . ). Phase B is stable under pressure and temperature conditions of the Transition Zone. The density is greater that that of forsterite, but less than that of wadsleyite or ringwoodite, despite the presence of octahedral silicon. The structure (Fig. 13  Fig. 13 ) is monoclinic, P2 1 /c, and all atoms except M1 and M3 are in general positions. There are four Si sites, three of which are tetrahedral and one octahedral. There are 13 distinct Mg octahedral sites and 21 distinct oxygen sites of which two are hydroxyls. All non-silicate oxygens are protonated and there are no Si-OH bonds in the structure.
Superhydrous Phase B
Superhydrous Phase B (Mg 10 Si 3 O 14 (OH) 4 ) (SHyB) is similar to phase B in having both octahedral and tetrahedral silicon, a stability range within the transition zone, and a Mg/Si ratio greater than two. The density is slightly less than that of phase B. The structure (Fig. 14 Fig. 14) is orthorhombic, Pnnm (Pacalo and Parise 1992) , and half of the Si atoms are octahedral and half tetrahedral. There are four distinct Mg octahedra and six oxygen sites. Although all non-silicate oxygens are protonated and there are no Si-OH bonds in the structure, one of the silicate oxygens is under-bonded (O3) and one is over bonded (O6) which leads to the distortions of the coordination polyhedra. As with the other B-phases, its Mg/Si ratio is greater than two, so it is not a likely phase in an enstatite or majorite bearing mantle assemblage. Koch-Müller et al. (2005) report polymorphic inversion in superhydrous phase B with an ordered low temperature polymorph having symmetry Pnn2. The reduction in symmetry with ordering causes splitting of the Mg positions, but not the Si positions.
Phase D
Phase D (MgSi 2 O 4 (OH) 2 ) is stable into the lower mantle at pressures of 17 to 50 GPa (Frost and Fei 1999) and has both Mg and Si in octahedral coordination (Fig. 15  Fig. 15 ). The structure is 
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highly disordered with variable Mg/Si ratios and water contents ranging from 10 to 18% by weight (Yang et al. 1997) . The density of the ideal trigonal structure ( ) is about 3.01 g/cm 3
. All oxygens are equivalent and bonded to two Si, one Mg, and one proton, although only about one third of the proton positions can be occupied. Although the density is only about 75% that of the lower-mantle anhydrous assemblage, phase D is the likely host phase for H in the lower mantle.
Phase E
Phase E (Mg 2 SiO 2 (OH) 4 ) is a highly disordered structure with Si in tetrahedral and Mg in octahedral coordination. The structure (Fig. 16 Fig . 16 ) is trigonal with variable Mg/Si ratio and H content (Kudoh et al. 1993 ). In the structure the M2 site occurs in an octahedral site adjacent to the Si tetrahedron, so that either one or the other can be occupied but not both. There is no long range order and charge balance is made up by protonation. The structure occurs in very hydrous compositions as a breakdown product of serpentine at pressures of 13 to 17 GPa and temperatures of 800 to 1300 °C (Kanzaki 1991) .
Phase Pi
Phase Pi (Al 3 Si 2 O 7 (OH) 3 ) is so called because was formerly thought to be the poorly described synthetic mineral piezotite (Coes 1962) . The mineral has been synthesized at low temperatures and moderate pressures (500-650 °C and 4-5.5 GPa) in the hydrous aluminosilicate system. The structure (Fig. 17 Fig . 17) , is acentric triclinic, P1, with Al in octahedral and Si in tetrahedral coordination Wunder 1993, 1996) . There are 20 distinct oxygen atoms in the unit cell, of which six should be hydroxyls if the formula is correct. Four of the oxygens (O9, O10, O19, O20) are bonded to just two Al atoms and so 
R m 3
Smyth are certainly hydroxyls. The remaining oxygens all bond to Si. Of these, O4 and O14 bond to one Si and one Al, and so are also underbonded. They each have very long Al-O distances so are apparently hydroxyls, but unusual in that they may be protonated silicate oxygens.
Topaz-OH
Topaz-OH (Al 2 SiO 4 (OH) 2 ) also occurs in the hydrous aluminosilicate system at temperatures of 600-1000 °C and pressures up to about 12 GPa (Pawley 1994; Wunder et al. 1999) . The structure (Fig. 18 Fig . 18 ) is orthorhombic, Pbnm, with Al in octahedral and Si in tetrahedral coordination. The structure is relatively dense (3.37 g/cm 3 ), more dense than phase Pi, but less dense than phase Egg or kyanite. Curiously, it is signifi cantly less dense than fl uoro-topaz. This may be because the protons are disordered over two distinct positions (Northrup et al. 1994 ).
Phase Egg
Phase Egg AlSiO 3 (OH) is named after the fi rst author to describe the phase (Eggleton 1978) and has a 1:1 Al:Si ratio. It occurs at pressure ranges into the transition zone at 11-18 GPa and temperatures of 700-1300 °C as a high pressure breakdown product of hydroxyl-topaz. The structure was solved and proton positions located to high precision by neutron powder diffraction ). The structure is monoclinic, P2 1 /n, and has both Si and Al in octahedral coordination (Fig. 19  Fig. 19 ). There are four distinct oxygens in the structure. The O1 and O2 oxygens are bonded to two Si and one Al positions, whereas O4 is the hydroxyl, but it is also bonded to two Al and one Si, as is O3. The long H bond extends to O3. With octahedral silica and a single hydroxyl, the structure is relatively incompressible with a bulk modulus of 157 GPa and K′ of 6.5 (Vanpeteghem et al. 2003 ).
K-cymrite
K-cymrite (KAlSi 3 O 8 ·H 2 O) occurs as a hydration product of sanidine at pressures above 3GPa and temperatures of 350-750 °C. It is isostructural with cymrite (BaAl 2 Si 2 O 8 ·H 2 O) and has a layered structure of a double tetrahedral sheet (Fig. 20  Fig. 20 ) with molecular water within the layer and K between the sheets (Fasshauer et al. 1997 ). The symmetry is P6/mmm so that the tetrahedral Al and Si are disordered over the sheet. There are bridging Figure 18 . The structure of topaz-OH, Al 2 SiO 4 (OH) 2 is orthorhombic Pbnm. Despite its stability to quite high pressures (~12 GPa) it is signifi cantly less dense at zero pressure than fl uorotopaz. oxygens, non-bridging silicate oxygens, as well as molecular water, which lies within the tetrahedral layer (Fig. 20) . The proton positions have not been determined, but are likely to be locally determined by the Al occupancy of the nearest tetrahedra. None of the silicate oxygens are protonated. K-cymrite is slightly denser than sanidine (Table 1) .
NOMINALLY ANHYDROUS HIGH-PRESSURE SILICATE AND OXIDE PHASES
Periclase-wüstite
Periclase-wüstite ((Mg,Fe)O) is isometric, , with the rock-salt structure (Fig. 21  Fig. 21 ). Pure MgO is stable at low pressures and not known to undergo any high pressure phase transformations, whereas wüstite (FeO) is known to undergo a rhombohedral distortion of this structure at pressures above 20 GPa (Shu et al. 1998; . At low to modest pressures the structure can accommodate signifi cant ferric iron in tetrahedral voids associated with octahedral vacancies. The oxygen site potentials of the nominally anhydrous mantle phases are given in Table 3  Table 3 . Periclase and wüstite have some of the shallowest oxygen potentials of any mantle minerals, which make these phases likely hosts for H if charge balance can be achieved. . Natural corundum has not been reported with appreciable H contents, but it is not a common mineral in high pressure assemblages. It occurs in high grade peraluminous rocks with zoisite or in peraluminous eclogites. Rossman and Smyth (1990) report no observable OH stretch features in the FTIR spectrum of a natural corundum from a 
Coesite
Coesite (SiO 2 ) is the high pressure polymorph of SiO 2 stable between about 3 and 8 GPa. The structure (Fig. 23  Fig. 23 ) is a relatively dense tetrahedral framework with monoclinic C2/c symmetry. Natural coesite is normally quite pure SiO 2 with only trace levels of other elements. All oxygens are bridging oxygens bonded only to two Si atoms. There are fi ve distinct oxygen sites in the structure, all with deep potentials similar to quartz (Table 3) . Of these O1 has the shallowest potential and the most likely one to be protonated if there were a small amount of B or Al substitution in the tetrahedra. Rossman and Smyth (1990) report no observable OH in a natural coesite in a relatively hydrous coesite-kyanite eclogite. Koch-Mueller et al. (2001) and Mosenfelder (2000) however report up to 200 ppmw H 2 O in coesite synthesized at pressures of 7.5 GPa and 1100 °C, but undetectable amounts in coesite synthesized at pressures below 5 GPa. Koch-Müller et al. (2003) report that the major substitution mechanism in coesite is by the hydrogarnettype (H 4 O 4 ) with relatively minor amounts of H being associated with B and Al substitution. In a low-symmetry tetrahedral framework structure such as coesite, any Si vacancy would result in protonation of the terminating oxygens, but there would be nothing to constrain these oxygens to maintain a tetrahedral confi guration, as there is in garnet. Koch-Müller et al. (2001) propose several possible proton locations for coesite on the oxygens coordinating a vacant Si2 position consistent with O-H dipoles observed in polarized infrared spectra. They further suggest that vacancy at Si1 is unlikely because of diffi culty in accounting for the pleochroism of one of the major O-H vibrations.
Stishovite and rutile
Stishovite (SiO 2 ) and rutile (TiO 2 ) (Fig. 24 Fig . 24 ) are isostructural and both may incorporate considerably more H than either coesite or quartz. The stishovite structure is tetragonal P4 2 /mnm with all cations in octahedral coordination, and the octahedra share edges in the c-direction. All oxygens in the structure are equivalent, and protonation of the oxygens can accompany Al for Si substitution in the octahedra (Smyth et al. SiO 2 ) and rutile (TiO 2 ) is tetragonal, P4 2 /mnm. All oxygens are equivalent. Protonation of these compounds can accompany trivalent ion substitution in the octahedra. Proton positions determined by neutron single crystal diffraction for rutile are illustrated. 1995) . The oxygen site potential is substantially lower than those of quartz or coesite (Table 3) . Bolfan-Casanova et al. (2000) report up to 72 ppmw H 2 O in stishovite in an Al-free system. Vlassopoulos et al. (1993) report up to 8000 ppmw H 2 O in natural rutile containing minor amounts of trivalent cations (Cr, Fe, V, Al). Principal rutile absorptions in the OH range are at 3290 and 3365 cm −1 (Rossman and Smyth 1990; Vlassopoulos et al. 1993) and are strongly polarized normal to the c-axis. Swope et al. (1995) report a proton position on the shared octahedral edge for hydrous rutile at x/a = 0.4176; y/b = .5033, and z/c = 0, based on neutron single crystal diffraction of a natural sample. This position is consistent with the strong IR pleochroism and is illustrated in Figure 24 .
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Pyroxenes
Pyroxenes of major importance to mantle dynamics include enstatite (Mg 2 Si 2 O 6 ), diopside (CaMgSi 2 O 6 ), and jadeite (NaAlSi 2 O 6 ), which are all signifi cant components of the upper mantle. For a recent review of pyroxene structures at temperature and pressure see Yang and Prewitt (2000) . Enstatite is an orthopyroxene, orthorhombic, Pbca (Fig. 25 Fig . 25 ), at pressures to about 7 GPa, whereas enstatite quenched from higher pressures is monoclinic P2 1 /c. Clinoenstatite transforms to majorite garnet at about 15 GPa, in a pyrolite composition and gradually dissolves into the garnet phase through the upper Transition Zone. Mantle peridotites and lherzolites contain up to about 15 modal percent clinopyroxene that is typically a Cr-diopside with very minor amounts of Na, Al or Fe
3+
. In eclogites, however, diopside and jadeite form a complete crystalline solution known as omphacite, which is monoclinic C2/c at high temperatures. Omphacite composes 50% or more of eclogites that form from subducting basalt at pressures of 3 to 13 GPa. Eclogites are quite distinct from peridotites and lherzolites, so that rocks of intermediate composition are virtually unknown among rocks of high pressure origin.
Orthoenstatite can be a major host for water in the shallow (lithospheric) upper mantle. Rauch and Keppler (2002) report that the solubility of H 2 O in enstatite increases to a maximum of about 850 ppmw at 1100 °C at 7.5 GPa and decreases slightly at higher pressures in the clinoenstatite fi eld. In pure Mg enstatite, the strongest OH absorptions in the infrared spectra are polarized parallel to c. However, Al has a dramatic effect on the water solubility and on the FTIR spectra of orthoenstatite, especially at pressures of 1 to 2 GPa at which Al substitution in the tetrahedral site can be extensive (Mierdel et al. 2006 ). In aluminous enstatite, H 2 O solubilities can approach 9000 ppmw at 900 °C and 1.5 GPa. In these enstatites, the O-H polarizations are strongest perpendicular to c (Mierdel et al. 2006) .
Orthoenstatite is orthorhombic, Pbca, with two distinct tetrahedral sites, T1 and T2, arranged is separate layers of tetrahedral chains (Fig. 25) . Al enters the structure as a coupled substitution where the Al is in both an M1 octahedron and one of the tetrahedral sites. Tetrahedral Al is known to strongly order in the structure with a very strong preference for T2 (Takeda 1973) . There are six distinct oxygen sites in the structure, O1a, O1b, O2a, O2b, O3a, and O3b, with the 'a' oxygens in the T1 chains and the 'b' oxygens in the T2 chains. The O3 atoms are the bridging oxygens in the chains. Electrostatic site potentials for the oxygens for pure Mg orthoenstatite are given in Table 3 , and the O2b has the shallowest potential and is therefore the most likely site for protonation.
Structure refi nement of a hydrous, aluminous orthopyroxene shows up to 5% cation vacancy at M2 with nearly equal amounts of Al substitution in both M1 and T2 sites, based on chemical analysis and volumes of coordination polyhedra (Smyth et al., in preparation) . Also reported in Table 3 is an oxygen site potential calculation for a hypothetical fully "MgTschermaks" orthoenstatite of composition MgAlAlSiO 6 , fully ordered with all tetrahedral Al in T2. In this structure both O2b and O1b are substantially underbonded and likely sites for protonation. The O3b oxygen is also underbonded, but Al-avoidance would not allow Al in T2 to exceed 50%, so O3b is not as likely to protonate as O2b or O1b. It appears then that the major hydrous components are MgAlAlSiO 6 and H 2 AlAlSiO 6 ("hydro-Tschermaks"), with a cation vacancy at M2 and protons on the O1b-O2b edges of the vacant M2 polyhedron, consistent with the observed O-H polarization in the a-b plane. This substitution mechanism achieves a net volume reduction of the unit cell, and nearly 1% H 2 O by weight (Mierdel et al. 2006 ), but because it requires tetrahedral Al, H solubility decreases sharply with increasing pressure. The O2b and O1b oxygen sites are indicated by spheres in Figure 25 .
This "hydro-Tschermaks" substitution appears to be strongly abetted by the ordering of tetrahedral Al in T2 which can only happen in the Pbca structure. At pressures near the 410 km discontinuity, enstatite is monoclinic, P2 1 /c, after quenching to low temperature, but C2/c at relevant mantle temperatures. The solubility of H is much less than that in aluminous orthopyroxene at lower crustal pressure, so that clinoenstatite in equilibrium with forsterite containing >8000 ppmw H 2 O contains less than 1000 ppmw ) and somewhat less (~650 ppmw) in equilibrium with wadsleyite (Bolfan-Casanova et al. 2000) . The principal substitution mechanism appears to be divalent cation vacancies, principally at M2. Natural omphacites can contain up to about 3000 ppmw H 2 O (Katayama and Nakashima 2003; Smyth et al. 1991 ). experimentally investigated water solubility in jadeite and found a maximum H 2 O content of about 450 ppmw at 2 GPa, but dramatically higher solubilities in more complex solid solutions. Natural omphacites are very complex chemically containing 10% or more of up to eight chemical end members (Smyth 1980) , but crystallographically relatively simple, having space group C2/c at mantle conditions of temperature and pressure. The hydrous component referred to as Ca-Eskola pyroxene Ca 0.5 0.5 AlSi 2 O 6 , may be better described as HAlSi 2 O 6 . Crystal structure refi nements of natural H-rich omphacites indicate signifi cant M2 site vacancy (Smyth 1980) . Textural evidence of kyanite and garnet exsolution from omphacite suggests that H 2 O solubility in these pyroxenes may approach 1% by weight (Smyth et al. 1991) . have experimentally hydrated natural Cr-diopside crystals at 1100 °C and pressures of 1.5 to 4 GPa. They report up to about 450 ppmw at 1.5GPa and infer proton positions on the O2-O1 and O2-O3 edges of the M2 polyhedron based on polarizations of the O-H vector in the a-b plane, which are similar to those reported for orthopyroxene by Mierdel et al. (2006) .
Akimotoite
Akimotoite (MgSiO 3 ) is the ilmenite-type polymorph of enstatite stable at pressures of the lower transition zone (18-22 GPa). The structure is trigonal and has alternating layers of Si and Mg octahedra (Fig. 26 
Garnet
Garnet (X 3 Y 2 Z 3 O 12 ) (Fig. 27 Fig. 27 ) is isometric, , with Si (Z) in tetrahedral coordination forming a framework by sharing oxygens with Al (Y) in octahedral coordination. Interstitial to the framework is the dodecahedral divalent cation site, which may be occupied by Mg, Fe, or Ca (X) . In this high-symmetry structure, all oxygens are equivalent and in a general position. At pressures of the transition zone, garnet can accept equal amounts of Si and Mg into the octahedral site in place of a trivalent cation. The Mg 3 (MgSi) 2 Si 3 O 12 (MgSiO 3 ) end-member is majorite. Majorite quenches to tetragonal, I4 1 /a, by ordering of Mg and Si in the octahedral site, although it is likely disordered at mantle conditions (Angel et al. 1989) . Hydrogen is accommodated in the garnet structure by Si vacancies so that the terminating octahedral oxygens are protonated. The tetrahedral site has point symmetry, so symmetry constrains the oxygens to maintain a tetrahedral confi guration, but the distance from the point position to the oxygen increases from about 1.63 Å for the occupied site to about 1.95 Å for the vacant site (Lager and von Dreele 1996) . This means that pressure inhibits the substitution so that garnets from high pressure environments generally contain less than 50 ppmw H 2 O (Bell and Rossman 1992) . Lager et al. (1987) and Lager and von Dreele (1996) report deuteron positions for a deuterated hydrogarnet (Ca 3 Al 2 D 12 O 12 ) on the edges of the vacant tetrahedra based on neutron single crystal diffraction.
Olivine
Olivine ((Mg,Fe) 2 SiO 4 ) is generally believed to be the most abundant phase in the upper mantle from the Moho to 410 km discontinuity. Natural olivines as reviewed in the current volume contain up to about 400 ppm by weight (ppmw) H 2 O, but typically less than 100 ppmw . Olivine synthesized at high pressures and quenched can contain much more H. Kohlstedt et al. (1996) report up to 1510 ppmw in olivine equilibrated at 1100 °C and 12 GPa. Recalculating this amount based on Bell et al. (2003) one and closely related to that of corundum. Figure 27 . the structure of garnet is cubic . All oxygen atoms are identical and the tetrahedra and octahedra form a corner-sharing framework structure.
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gets about 4000 ppmw (Hirschmann et al. 2005) . Mosenfelder et al. (2006) report up to 6400 ppm H 2 O in olivine quenched from 12 GPa and 1100 °C. Smyth et al. (2006) report up to 8900 ppmw in olivine synthesized at 1250 °C and 12 GPa in equilibrium with either enstatite or clinohumite, but decreasing at higher temperatures with the onset of melting. Water contents approaching one per cent by weight would make olivine a major host for water in the upper mantle.
The olivine structure (Fig. 28  Fig. 28) is orthorhombic, Pbnm, with two distinct octahedra, M1 and M2, and one silicate tetrahedron. There are three distinct oxygen sites in the structure, with O1 and O2 lying on the mirror, and O3 being in a general position. All oxygens are bonded to three Mg and one Si atom (Table 3 ) and site potentials range from 26.3 V for O3 to 27.7 V for O1. Smyth et al. (2006) report that the major H substitution mechanism in olivine is protonation of the O1-O2 edges of vacant M1 octahedra. The proton position suggested by Smyth et al. (2006) at x/a = 0.95; y/b = 0.04; z/c = 0.25 is illustrated in Figure 28 . They further report a volume of hydration at ambient conditions:
where V is cell volume in Å 3 , and H 2 O is the ppm by weight H 2 O as determined from the calibration of Bell et al. (2003) .
Wadsleyite
Wadsleyite is the fi rst high pressure polymorph of Mg 2 SiO 4 , and the olivine-wadsleyite transition at about 13 GPa is thought be responsible for the 410 km discontinuity. The wadsleyite structure (Fig. 29 Fig . 29 ) is usually orthorhombic, Imma, with three distinct divalent metal octahedra, M1, M2 and M3. The structure is similar to that of spinelloid III in the Nialuminosilicate system (Ma and Sahl 1975) . Unlike olivine which is based on a hexagonal close-packed array of oxygens, wadsleyite and the other spinels and spinelloids are based on a cubic close-packed oxygen array. Unlike olivine and ringwoodite, wadsleyite is a sorosilicate 
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with Si 2 O 7 groups, a bridging oxygen (O2) and a non-silicate oxygen (O1). Smyth (1987) calculated oxygen site potentials and predicted that the under-bonded non-silicate oxygen would be a potential site for protonation. Wadsleyites with up to 3% by weight H 2 O have been reported (Inoue et al. 1995) . The major hydrogen substitution mechanism appears to be protonation of the vacant M3 octahedral edges and ordering of the vacancies so that hydrous wadsleyites with more than about 1% H 2 O are monoclinic, I2/m (a subgroup of Imma). Beta angles up to 90.4° have been reported ).
Wadsleyite shows a signifi cant zero-pressure volume expansion that is similar in magnitude to that of olivine. Holl (2006) Figure 29 . The complexity of the infrared absorption spectrum, however, indicates that there are multiple possible proton locations in the structure (Kohn et al. 2002) .
Wadsleyite II
Wadsleyite II is isostructural with spinelloid IV . It has only been reported from long-duration hydrous peridotite composition runs at 17.5 to 18 GPa, between the wadsleyite and ringwoodite fi elds. It is a well-ordered phase with a-and c-axes similar to wadsleyite but with a b-axis 2.5 times that of wadsleyite at about 30 Å. The structure is very diffi cult to distinguish from wadsleyite by powder diffraction or by Raman spectroscopy. The structure (Fig. 30 Fig . 30 ) contains both isolated SiO 4 tetrahedra as well as Si 2 O 7 groups in three distinct tetrahedral sites. It also contains six distinct octahedral sites and eight distinct oxygens, of which O2 is a non-silicate oxygen and a potential protonation site. Analogous to wadsleyite, a possible proton location would be near the O2-O4 edge of the M6 octahedron or the O2-O5 edge of the M5 octahedron. Wadsleyite II in the high pressure peridotite system is only known with about 2.8 wt% H 2 O, whereas spinelloid IV in the Ni aluminosilicate system is thought to be anhydrous (Akaogi et al. 1982; Horioka et al. 1981) .
Ringwoodite
Ringwoodite is the true spinel polymorph of forsterite and is stable as the dominant phase in a pyrolite composition mantle from about 525 to 670 km depth. The ringwoodite to perovskite plus periclase transition is thought to be responsible for the 670 km discontinuity. The structure (Fig. 31 Fig . 31 ) is cubic, with octahedral Mg and tetrahedral Si. Kohlstedt et al. (1996) report up to about 2.4 wt% H 2 O in ringwoodite. The FTIR spectrum shows a Figure 30 . The structure of wadsleyite II, (Mg,Fe) 2 SiO 4 , is orthorhombic Imma. This structure, like wadsleyite is a spinelloid, but contains both isolated SiO 4 groups as well as Si 2 O 7 groups.
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broad absorption feature in the range 2600 to 3600 cm −1 (Smyth et al. 2003; Keppler and Smyth 2005) . Although there is no IR pleochroism in the cubic system, the OH does appear to be structural because OH concentration computed from the FTIR spectrum correlates with a zero-pressure unit cell volume increase (Smyth et al. 2003 ) that is similar in magnitude to those observed for forsterite and wadsleyite cited above. Peaks in the spectra correlate with protonation of both the octahedral and tetrahedral edges (Libowitzky 1999 ) and crystal structure refi nements indicate both octahedral and tetrahedral vacancies (Kudoh et al. 2000; Smyth et al. 2003) .
Anhydrous phase B
Anhydrous phase B (Mg 14 Si 5 O 24 ) lies on the anhydrous edge of the DHMS ternary between forsterite and periclase. As with the other B-phases, anhydrous phase B has Mg/Si ratio greater than two, and so is not expected to coexist with either enstatite or majorite. It is therefore not expected to be a signifi cant phase in the transition zone. The structure (Fig. 32  Fig. 32 ) is orthorhombic, Pmcb (Hazen et al. 1992 ) and has Si in both octahedral and tetrahedral coordination. Little is known about its trace H content, but its oxygen sites are all electrostatically balanced according to Pauling bond strength sums, bonded to either three octahedral Mg and a tetrahedral Si, six Mg, or four Mg and one octahedral Si. Of these, the O4 is the non-silicate oxygen, has the lowest electrostatic potential and is thus a potential protonation site (Table 3 ). The density (3.39 g/cm 3 ) lies between that of forsterite and periclase, but less than either wadsleyite or ringwoodite, despite its octahedral silicon.
Kyanite
Kyanite (Al 2 SiO 5 ) is triclinic , with Al in octahedral and Si in tetrahedral coordination. There are ten distinct oxygen sites in the structure (Fig. 33 Fig . 33 ) most of which are bonded to two octahedral Al and one tetrahedral Si. The O2 and O6 positions are non-silicate oxygens and (Table 3) . These are potential hydration sites if charge balance can be achieved by divalent cation substitution for Al. Although Beran and Goetzinger (1987) and Rossman and Smyth (1990) 
Perovskite
Perovskite-type (Mg,Fe)SiO 3 is believed to be the major phase in the lower mantle, so small amounts of H in this phase can have a large effect on the total water budget of the planet. The structure (Fig. 34 Fig . 34 ) is orthorhombic, Pbnm, with Mg in eight coordination, Si in octahedral coordination, and two distinct oxygen sites. Both oxygen sites have relatively deep electrostatic potentials near 27V (Table 3 ). The structure is dense (4.1 g/cm 3 ). Meade et al. (1994) Litasov et al. (2003) observed only about 100 ppm in pure MgSiO 3 perovskite, but 1400 to 1800 ppmw H 2 O in Al and Fe bearing perovskites in a hydrous peridotite system. None of the FTIR spectra of silicate perovskites in pure MgSiO 3 or MgSiO 3 -Al 2 O 3 systems show sharp absorption bands so there has been some disagreement as to whether these features represent structurally bound hydroxyl (Bolfan-Casanova et al. 2003; Litasov et al. 2003) . Perovskite samples synthesized in chemically complex systems show a consistent but broad OH absorption feature at about 3397cm −1 , but variable other features. It appears that while H 2 O solubility in pure MgSiO 3 perovskite is likely negligible, perovskite crystallized from more chemically complex systems may incorporate signifi cant amounts of water, but in reports of higher water contents, the possibility of hydrous inclusions within the perovskite cannot be ruled out.
Perovskite-type CaSiO 3 is believed to be a minor phase in the lower mantle. Although it is isostructural with MgSiO 3 perovskite (orthorhombic, Pbnm), is appears to form a separate phase in lower mantle synthesis experiments. Murakami et al. (2002) report up to 4000 ppmw H 2 O in CaSiO 3 perovskite synthesized at 25.5 GPa and 1600 °C. This phase does not appear to be quenchable so interpretation of FTIR spectra on quenched material is diffi cult.
Post-perovskite
Post-perovskite (MgSiO 3 ) is a new structure type reported for MgSiO 3 at pressures of the lower-most lower mantle near the core-mantle boundary (Murakami et al. 2004) . It is postulated that the perovskite to post perovskite transition may account for the discontinuity that defi nes the D′′ layer near 2600 km depth. The structure (Fig. 35  Fig. 35 ) is orthorhombic, Cmcm, and has edge-sharing silicate octahedra forming chains parallel to a, which are corner-linked to form sheets in the a-c plane. The sheets are linked together with 8-coodinated Mg atoms to form a strongly anisotropic structure. There are two distinct oxygen sites in the structure. Of these, O1 is slightly underbonded, being coordinated to two Si and two Mg atoms, whereas O2 is slightly overbonded to two Si and three Mg. However the potentials are rather similar to those of MgSiO 3 -perovskite (Table 3) .
Zircon
Zircon (ZrSiO 4 ) is a primary accessory phase in nearly all igneous rocks, and a major host phase for minor U, Th, and rare earth elements in the Earth. Though nominally anhydrous, nonmetamict zircons of mantle origin can contain up to about 100 ppmw H 2 O (Woodhead et al. 1991; Nasdala et al. 2001) . This minor hydration is consistent with the very deep potential of the oxygen site (Table 3) , and probably requires trivalent cation substitution for Zr. Additionally, metamict zircons, which have experienced radiation damage from the decay of U and Th, may contain much more H 2 O, more than 16% by weight H 2 O (Woodhead et al. 1991) . The structure (Hazen and Finger 1979 ) is illustrated in Figure 36 Figure 36 and has Si in tetrahedral and Zr in eight-coordination. All O atoms are equivalent and bonded to tetrahedral Si so there are no non-silicate oxygens. Woodhead et al. (1991) report that strong absorption features at 3385 cm −1 perpendicular to c, and a weaker feature at 3420 cm −1 parallel to c, are associated with an occupied tetrahedron and trivalent cation substitution for Zr. However, if the proton is located on an O-O polyhedral edge, the only edge of the Zr polyhedron that does not have a component in the c-direction is the edge shared with the tetrahedron. This would be consistent with the suggestion of Nasdala et al. (2001) that hydration also appears to occur by the hydro-garnet substitution involving tetrahedral vacancy. Figure 36. The structure of zircon, ZrSiO 4 , is tetragonal, I4 1 /amd. In this c-axis projection, the Zr is seen as eight-coordinated dipyramids (light) and the Si (dark) is tetrahedral. All oxygens are equivalent and bonded to two Zr and one Si.
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Titanite
Titanite (CaTiSiO 5 ), like zircon, is a very common primary accessory phase in igneous rocks. The structure (Fig. 37  Fig. 37 ) is monoclinic, P2 1 /a (b-unique) and has Ca in eight-coordination with Ti in octahedral and Si in tetrahedral coordination. Although it is nominally anhydrous, it can accommodate substantial amounts of both OH and F with Al substitution for Ti. There is one non-silicate oxygen in the structure (O1) which is bonded to one Ca and two Ti atoms. It is under-bonded in the Pauling sense, and its electrostatic site potential is 24.9 V which makes it the obvious candidate for protonation to accommodate Al or Fe 3+ in the octahedron.
CONCLUSIONS
The structure of the nominally hydrous and anhydrous phases that compose the Earth's mantle have been reviewed and compared. Among the nominally hydrous high-pressure silicate phases, we have examples of molecular water in lawsonite and K-cymrite. We also see that for hydroxyl-bearing silicates, the hydroxyls are in general, non-silicate oxygens. We see no examples of a proton on tetrahedral silicate oxygens. There are a few examples of protonated tetrahedral silicate oxygens in nature such as in the pyroxenoids, pectolite (NaHCa 2 Si 3 O 9 ) and serandite (NaHMn 2 Si 3 O 9 ). In these structures the chains are so strongly kinked that two of the non-bridging oxygens approach so closely that there is a H-bond between the two . We also see a few examples of Si-OH bonds for octahedral silica, as in the very high pressure phases D and Egg. This is consistent with the octahedral Si-O bond being longer and weaker than the tetrahedral Si-O bond. Among the nominally anhydrous phases we see that the phases that have only bridging tetrahedral silicate oxygens are able to accommodate the least amount of H, whereas phases containing non-silicate oxygens are readily hydrated. The minerals containing octahedral silica can accept up to several thousand ppmw H 2 O if Al is present to substitute for octahedral silica. 
